Abstract: Few-layer graphene nanosheets were produced by pulsed discharge in graphite micro-flake suspension at room temperature. In this study, the discharging current and voltage data were recorded for the analysis of the pulsed discharge processes. The as-prepared samples were recovered and characterized by various techniques, such as TEM, SEM, Raman, XRD, XPS, FT-IR, etc. The presence of few-layer graphene (3-9 L) in micrometer scale was confirmed. In addition, it is investigated that the size of recovered graphene nanosheets are influenced by the initial size of utilized graphite micro-flake powder. Based on the process of pulsed discharge and our experimental results, the formation mechanism of few-layer graphene was discussed. The influence of charging voltage on as-prepared samples is also investigated.
Introduction
Graphene is the first prepared two-dimensional material with a structure of single graphitic layer. Since Novoselov et al. [1] obtained monolayer graphene in millimeter-scale by mechanical exfoliation method with a tape in 2004, the synthesis and characterization of graphene materials have been an interest of many research groups. Various optical, electronic, thermal and mechanical properties of graphene were reported. In 2006, it was reported that, owing to the zigzag-shaped edge of graphene nano-ribbons, in-plane homogeneous electric fields can be loaded to control their magnetic properties and spin-polarized electronic state [2] . Moreover, graphene has been utilized to design and assemble multiple functional materials with excellent mechanical properties [3] [4] [5] . A significant amount of studies suggest the high potential applications of graphene materials in batteries, electronic devices, functional composite materials, etc. [6] [7] [8] .
Various approaches for the preparation of graphene have been documented [9] , such as the mechanical exfoliation method, oxidation reduction method, chemical vapor deposition (CVD) method, liquid-phase exfoliation method, arc-discharge method, electrochemical exfoliation method, detonation method, pulsed wire discharge method. Regarding the mechanical exfoliation method, graphene nanosheets with good crystallinity were obtained successfully using a tape to exfoliate highly-oriented pyrolytic graphite [1, 10, 11] . In the oxidation-reduction method, graphite oxide is firstly synthesized by oxidation of graphite for a larger gap between every two graphitic layers, then treated by ultrasonic dispersion or thermal expansion to obtain graphene oxide for further reduction to form graphene [12, 13] . With respect to the CVD method, certain hydrocarbon gases are decomposed at high temperatures, causing free carbon atoms to deposit on certain substrates to form graphene films [14] [15] [16] . The liquid-phase exfoliation method employs ultrasonic dispersion treatment and the cavitation effect to exfoliate the graphite powder in liquid medium [17] . Graphene can also be synthesized along the process of arc-discharge method. In this method, a direct and self-sustained arc-discharge between two graphite electrodes produces and forces the carbon atoms to deposit on the inner surface of recovery container to form graphene [18] . Otherwise, Liu et al. [19] and Rao et al. [20] reported the preparation of graphene from the electrochemical exfoliation of graphite electrode. In this method, two graphite electrodes are immersed in ionic liquid and a static potential is applied for the oxidation and expansion of graphitic layers, resulting in the exfoliation of graphitic layers [19] . Recently, Chen et al. [21, 22] synthesized graphene materials through detonation method using detonation and shock waves to produce carbon atoms which deposited on certain metal surfaces to form graphene.
Pulsed discharge refers to when a strong current passes through the medium between two electrodes, a high-density energy is injected into the medium, leading to a rapid temperature increase, phase transition, rapid expansion, flash, etc. Using different mediums in the experiments, this technique has been utilized in multiple studies, such as pulsed wire discharge, liquid pulsed discharge, etc. Pulsed wire discharge (electrical wire explosion) refers to a conductive wire fixed between two electrodes melts and vaporizes during pulsed discharge, resulting in an explosion with high temperature and inner pressure [23, 24] . The pulsed wire discharge method has been widely applied to synthesize nanomaterials. Liquid pulsed discharge refers to the phenomenon that the liquid medium between two electrodes breaks down because of the pulsed discharge, leading to the formation of strong plasma tunnel at high temperature and inner pressure. The generated atoms and ions burst into medium with a strong shockwave and cavitation bubble collapse subsequently [25, 26] . Liquid pulsed discharge is utilized for degradation of organic [27, 28] , cell sterilization [29] in water and other applications [30, 31] .
In our previous studies, graphene materials were prepared by the pulsed wire discharge method [23] , in which a graphite stick connected to electrodes starts to melt and expand due to the joule heating of pulsed discharge at a high temperature and inner pressure and then the graphitic layers in the stick overcome the Van der Waals force to form graphene during the subsequent explosion in a distilled water medium. Furthermore, Rud et al. [32] synthesized nano amorphous carbon with diamond-like short-range order using ionization and deposition induced by pulsed discharge in organic liquids, showing its potential of synthesizing nanomaterials. In this work, we demonstrate a one-step route to prepare few-layer graphene using pulsed discharge in graphite micro-flake suspension at room temperature.
Materials and Methods
In the experiments, we used a cylindrical stainless chamber with an inner diameter of 200 mm and a depth of 400 mm to contain liquid medium and recover the samples (Figure 1) . A transparent polypropylene pipe (20 mm in inner diameter, 24 mm in outer diameter and 30 mm length) with two insulation blocks was utilized to contain graphite micro-flake suspension. The graphite micro-flake suspension (1 g·L −1 ) was prepared by mixing distilled water and graphite micro-flake powder in different sizes (~10 µm,~30 µm and~300 µm mesh as listed in Table 1 ), respectively, to investigate the influence of graphite micro-flake size on as-prepared samples. Two pure iron electrodes with a tip-point were fixed to the insulation blocks along the axis and spaced an invariant 2 mm apart in the pipe. Then, the pipe containing graphite micro-flake suspension and electrodes was placed in the middle of the stainless chamber filled with approximate 500 mL distilled water. Then the two electrodes were connected to a 12.5 µF capacitor. Two charging voltages (30 kV and 40 kV as listed in Table 1 ) were selected for discharge. spectra of samples were obtained using Raman spectrometer (LabRAM Aramis, HORIBA Scientific, Kyoto, Japan) equipped with a He-Ne laser (633 nm) for carbon phase analysis. An X-ray diffractometer (XRD) (X pert pro MPD) with CuKα radiation (k = 0.15406 nm) was utilized to record XRD patterns at a working voltage and current of 40 kV and 200 mA, respectively, and a step size of 0.0330° (2θ). Fourier transform infrared (FT-IR) spectra were recorded on a Thermo iZ10 FT-IR spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA) using KBr discs. 
Results
The detailed experimental conditions are listed in Table. 1. The charging voltage was 30 kV for samples Nos. 1, 3 and 4 and 40 kV for sample No. 2, respectively. The main phase of recovered samples identified by SEM, TEM and Raman spectroscopy was identified to be few-layer graphene.
Typical TEM images of recovered samples ( Figure 2) shows the presence of loose and extended ultra-thin carbon nanosheets with interlayer distances of 0.3-0.4 nm at the edges, which are in good agreement with the morphology and microstructure of few-layer graphene [21, 23, 33] . The high resolution TEM images (Figure 2b ,d,f,h) further reveal that the graphitic layer number of the fewlayer graphene is in the range of 3-9 (as listed in Table 1 ), indicating that the main content of purified recovered samples is few-layer graphene. The selected area electron diffraction (SAED) patterns (the inset images of Figure 2a After discharge, the recovered suspensions were collected in beakers, centrifuged and filtered to remove the unexfoliated graphite nanosheets. Then the suspensions were purified by HCl to remove the trace amount of iron or iron oxide nanoparticles from iron electrodes. Subsequently, the samples were separated and dried using a freeze dryer for further characterization.
High resolution transmission electron microscope (TEM) images and field emission scanning electron microscope (SEM) images were obtained using FEI Tecnai G 2 F20 S-Twin (FEI, Hillsboro, OR, USA) and Hitachi S-4800 (Hitachi, Tokyo, Japan) to examine the microstructure and morphology of recovered samples at working accelerating voltages of 200 kV and 10 kV, respectively. The Raman spectra of samples were obtained using Raman spectrometer (LabRAM Aramis, HORIBA Scientific, Kyoto, Japan) equipped with a He-Ne laser (633 nm) for carbon phase analysis. An X-ray diffractometer (XRD) (X pert pro MPD) with CuKα radiation (k = 0.15406 nm) was utilized to record XRD patterns at a working voltage and current of 40 kV and 200 mA, respectively, and a step size of 0.0330 • (2θ). Fourier transform infrared (FT-IR) spectra were recorded on a Thermo iZ10 FT-IR spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA) using KBr discs.
The detailed experimental conditions are listed in Table 1 . The charging voltage was 30 kV for samples Nos. 1, 3 and 4 and 40 kV for sample No. 2, respectively. The main phase of recovered samples identified by SEM, TEM and Raman spectroscopy was identified to be few-layer graphene.
Typical TEM images of recovered samples ( Figure 2 ) shows the presence of loose and extended ultra-thin carbon nanosheets with interlayer distances of 0.3-0.4 nm at the edges, which are in good agreement with the morphology and microstructure of few-layer graphene [21, 23, 33] . The high resolution TEM images (Figure 2b ,d,f,h) further reveal that the graphitic layer number of the few-layer graphene is in the range of 3-9 (as listed in Table 1 ), indicating that the main content of purified results were observed in few-layer [21, 23] graphene, resulting from rotational staking faults in the matrix graphene sheets. Figure 3 presents the typical SEM images of ultra-thin carbon nanosheets in the recovered samples, revealing the presence of the typical morphology of few-layer grapheme [23, 34] , which are curved, loose and extended to micrometer scale. The curly and wrinkled structure of observed carbon films is owing to the thermodynamic instability of the two-dimensional material [35] . Furthermore, the statistics of graphene nanosheets in over 20 SEM images of each recovered sample shows that the nanosheet size became larger as the larger of graphite flake powder used in the experiments. When the graphite micro-flake powders are in the size of ~10 μm mesh (Nos. 1 and 2), the sizes of observed graphene nanosheets (Figure 3a Figure 3 presents the typical SEM images of ultra-thin carbon nanosheets in the recovered samples, revealing the presence of the typical morphology of few-layer grapheme [23, 34] , which are curved, loose and extended to micrometer scale. The curly and wrinkled structure of observed carbon films is owing to the thermodynamic instability of the two-dimensional material [35] . Furthermore, the statistics of graphene nanosheets in over 20 SEM images of each recovered sample shows that the nanosheet size became larger as the larger of graphite flake powder used in the experiments. When the graphite micro-flake powders are in the size of~10 µm mesh (Nos. 1 and 2), the sizes of observed graphene nanosheets (Figure 3a,c) are in the range of 0.5-10 µm. While the graphite flake powders are in the size of~30 µm mesh (No. 3), the sizes of observed graphene nanosheets (Figure 3e ) increase to the range of 15-25 µm. As the graphite flakes with~300 µm mesh is used for experiment (No. 4), the sizes of observed graphene nanosheets (Figure 3g ) are larger than 100 µm mostly. The observation suggests a positive correlation between the size of initial graphite micro-flake and the size of as-prepared graphene nanosheet. It implies that the nature formation mechanism of graphene is exfoliation of graphitic layers from the raw materials. Figure 3 presents the typical SEM images of ultra-thin carbon nanosheets in the recovered samples, revealing the presence of the typical morphology of few-layer grapheme [23, 34] , which are curved, loose and extended to micrometer scale. The curly and wrinkled structure of observed carbon films is owing to the thermodynamic instability of the two-dimensional material [35] . Furthermore, the statistics of graphene nanosheets in over 20 SEM images of each recovered sample shows that the nanosheet size became larger as the larger of graphite flake powder used in the experiments. When the graphite micro-flake powders are in the size of ~10 μm mesh (Nos. 1 and 2), the sizes of observed graphene nanosheets (Figure 3a,c) are in the range of 0.5-10 μm. While the graphite flake powders are in the size of ~30 μm mesh (No. 3), the sizes of observed graphene nanosheets (Figure 3e ) increase to the range of 15-25 μm. As the graphite flakes with ~300 μm mesh is used for experiment (No. 4), the sizes of observed graphene nanosheets (Figure 3g ) are larger than 100 μm mostly. The observation suggests a positive correlation between the size of initial graphite micro-flake and the size of asprepared graphene nanosheet. It implies that the nature formation mechanism of graphene is exfoliation of graphitic layers from the raw materials. Raman spectroscopy is very informative and sensitive for studying carbon materials [36] . It provides a quick and facile identification of carbon materials [21, 23, 37, 38] , which is a significant method to identify graphene. As shown in Figure 4 , three characteristic bands are observed in each Raman spectrum, including D band (approximate 1340 cm −1 ), G band (approximate 1580 cm −1 ) and 2D band (approximate 2660 cm −1 ).
The 2D band and the intensity ratio of 2D band to G band (I2D/IG) have been utilized to identify mono-layer graphene and few-layer graphene from other carbon materials universally [37, 39] . A higher I2D/IG indicates less graphitic layers [23, 33] in the graphene nanosheets. As listed in Table 1 , the I2D/IG of recovered samples are in the range of 1.32-1.44, which are much larger than those of raw graphite flakes (0.76-0.86), indicating the presence of few-layer graphene in the recovered samples [23, 33, 40] . Furthermore, the intensity ratio of D band to G band (ID/IG) features the disorder of graphene nanosheets and is utilized to estimate disorder degree on graphitic layers [34, 37] Raman spectroscopy is very informative and sensitive for studying carbon materials [36] . It provides a quick and facile identification of carbon materials [21, 23, 37, 38] , which is a significant method to identify graphene. As shown in Figure 4 , three characteristic bands are observed in each Raman spectrum, including D band (approximate 1340 cm −1 ), G band (approximate 1580 cm −1 ) and 2D band (approximate 2660 cm −1 ).
The 2D band and the intensity ratio of 2D band to G band (I 2D /I G ) have been utilized to identify mono-layer graphene and few-layer graphene from other carbon materials universally [37, 39] . A higher I 2D /I G indicates less graphitic layers [23, 33] in the graphene nanosheets. As listed in Table 1 , the I 2D /I G of recovered samples are in the range of 1.32-1.44, which are much larger than those of raw graphite flakes (0.76-0.86), indicating the presence of few-layer graphene in the recovered samples [23, 33, 40] . Furthermore, the intensity ratio of D band to G band (I D /I G ) features the disorder of graphene nanosheets and is utilized to estimate disorder degree on graphitic layers [34, 37] XRD pattern is an auxiliary method to characterize the crystallinity and thickness of graphene samples [41] . In XRD patterns of as-prepared samples ( Figure 5 ), one obvious characteristic peak appears in the 26.1-26.3° range assigned to graphene (and graphite) (002) diffraction [21, 42, 43] . The calculated corresponding lattice distances are in a range of 3.39-3.41 Å, which are slightly larger than that of graphite (3.35 Å) [21] . It is also in good agreement with the TEM measurements. Furthermore, the weaker peaks with higher FWHM values (as shown in inset of Figure 5 ) demonstrate the nonuniform multilayer distribution of ultra-thin few-layer graphene [44, 45] , supporting the observation results of TEM images. XRD pattern is an auxiliary method to characterize the crystallinity and thickness of graphene samples [41] . In XRD patterns of as-prepared samples ( Figure 5 ), one obvious characteristic peak appears in the 26.1-26.3 • range assigned to graphene (and graphite) (002) diffraction [21, 42, 43] . The calculated corresponding lattice distances are in a range of 3.39-3.41 Å, which are slightly larger than that of graphite (3.35 Å) [21] . It is also in good agreement with the TEM measurements. Furthermore, the weaker peaks with higher FWHM values (as shown in inset of Figure 5 ) demonstrate the non-uniform multilayer distribution of ultra-thin few-layer graphene [44, 45] , supporting the observation results of TEM images. XRD pattern is an auxiliary method to characterize the crystallinity and thickness of graphene samples [41] . In XRD patterns of as-prepared samples ( Figure 5 ), one obvious characteristic peak appears in the 26.1-26.3° range assigned to graphene (and graphite) (002) diffraction [21, 42, 43] . The calculated corresponding lattice distances are in a range of 3.39-3.41 Å, which are slightly larger than that of graphite (3.35 Å) [21] . It is also in good agreement with the TEM measurements. Furthermore, the weaker peaks with higher FWHM values (as shown in inset of Figure 5 ) demonstrate the nonuniform multilayer distribution of ultra-thin few-layer graphene [44, 45] , supporting the observation results of TEM images. (C=C/C-C, 284.8 eV) and the C in oxygen-containing functional groups (C-OH, 286.3 eV) [46, 47] . While the C1s spectrum of Sample No. 2 can be fitted to the mainly non-oxygenated C in aromatic rings (C=C/C-C, 284.3 eV) and the C in multiple oxygen-containing functional groups, such as C-O (285.6eV), C-OH (286.6 eV), C=O (288.4eV) and O-C=O (289.9 eV) [48, 49] . It reveals a higher content of oxygen-containing groups in Sample No. 2. The binding energy peaks observed in both C1s spectra indicate the reaction between graphitic layer and the oxygen produced by discharge plasma during the breakdown process. The multiple binding energy peaks of C and O in Sample No. 2 with higher intensities may result from the higher stored energy controlled by higher charging voltage.
Crystals 2019, 9, x FOR PEER REVIEW 8 of 13 Figure 6 shows the XPS results of Sample Nos. 1 and 2, in which all the curves were fitted on the basis of Shirley background correlation and using Gaussian-Lorentzian peak shape. The C1s spectrum of Sample No. 1 in Figure 6a can be fitted to the mainly non-oxygenated C in aromatic rings (C=C/C-C, 284.8 eV) and the C in oxygen-containing functional groups (C-OH, 286.3 eV) [46, 47] . While the C1s spectrum of Sample No. 2 can be fitted to the mainly non-oxygenated C in aromatic rings (C=C/C-C, 284.3 eV) and the C in multiple oxygen-containing functional groups, such as C-O (285.6eV), C-OH (286.6 eV), C=O (288.4eV) and O-C=O (289.9 eV) [48, 49] . It reveals a higher content of oxygen-containing groups in Sample No. 2. The binding energy peaks observed in both C1s spectra indicate the reaction between graphitic layer and the oxygen produced by discharge plasma during the breakdown process. The multiple binding energy peaks of C and O in Sample No. 2 with higher intensities may result from the higher stored energy controlled by higher charging voltage. FT-IR spectra ( Figure 7 ) reveals that as-prepared graphene in Sample Nos. 1 and 2 presents multiple absorption peaks of various chemical bonds. The strongest peak in both spectra, set at approximately 3445 cm −1 , is indicative of ubiquitous O-H stretches [50] [51] [52] . Besides, both spectra present several peculiar absorption peaks at 2875-2957 cm −1 (symmetric and anti-symmetric stretching vibrations of CH2) [51, 52] , at approximately 1629 and 1440 cm −1 (C=C, skeletal vibrations of unoxidized graphitic domains) [51, 53] , at approximately 1387 cm −1 (the stretching vibration of C-O of carboxylic acid) [52] and at 1053 cm −1 (alkoxy C-O stretching vibration) [52] [53] [54] . Furthermore, in FT-IR spectrum of Sample No. 2, two other peaks are observed at 1250 cm −1 and 1160 cm −1 , which are assigned to stretching vibration of epoxy C-O-C [52, 54] and different alcoholic C-OH [50] , respectively. As for Sample No. 2, a dramatic intensity increase of absorption peaks related to oxygencontaining functional groups and the presence of peaks appearing at 1250 and 1160 cm −1 indicate the increase of oxygenated groups on graphene nanosheets [54] . FT-IR spectra (Figure 7 ) reveals that as-prepared graphene in Sample Nos. 1 and 2 presents multiple absorption peaks of various chemical bonds. The strongest peak in both spectra, set at approximately 3445 cm −1 , is indicative of ubiquitous O-H stretches [50] [51] [52] . Besides, both spectra present several peculiar absorption peaks at 2875-2957 cm −1 (symmetric and anti-symmetric stretching vibrations of CH 2 ) [51, 52] , at approximately 1629 and 1440 cm −1 (C=C, skeletal vibrations of unoxidized graphitic domains) [51, 53] , at approximately 1387 cm −1 (the stretching vibration of C-O of carboxylic acid) [52] and at 1053 cm −1 (alkoxy C-O stretching vibration) [52] [53] [54] . Furthermore, in FT-IR spectrum of Sample No. 2, two other peaks are observed at 1250 cm −1 and 1160 cm −1 , which are assigned to stretching vibration of epoxy C-O-C [52, 54] and different alcoholic C-OH [50] , respectively. As for Sample No. 2, a dramatic intensity increase of absorption peaks related to oxygen-containing functional groups and the presence of peaks appearing at 1250 and 1160 cm −1 indicate the increase of oxygenated groups on graphene nanosheets [54] . Figure 8 shows typical discharge current and voltage curves of liquid pulsed discharge experiments, consisting of two processes (pre-breakdown and breakdown). According to previous studies [25, 26, 55] , the pre-breakdown process during the beginning few microseconds reveals that the discharge voltage descends gradually from the values of charging voltage while the discharge Figure 8 shows typical discharge current and voltage curves of liquid pulsed discharge experiments, consisting of two processes (pre-breakdown and breakdown). According to previous studies [25, 26, 55] , the pre-breakdown process during the beginning few microseconds reveals that the discharge voltage descends gradually from the values of charging voltage while the discharge current oscillates at a low value. Meanwhile, the strong electric field between two electrodes induces the ionization of the water molecules. The subsequent breakdown process, in which the suspension between two electrodes breaks down to generate a strong plasma tunnel, features the typical damped cosine-wave discharge voltage after a rapid decrease and a damped sine-wave discharge current [25, 26] . Following this, the ions and atoms (H, O, OH − , etc.) in the plasma at high temperature and high inner pressure burst out to generate shock waves (10 1 -10 3 MPa) [25, 55] and the formation of cavitation bubbles [56, 57] . Furthermore, Figure 8 shows an obvious influence of charging voltage on the discharge voltage and current curves. At the ascent of charging voltage, the pre-breakdown duration becomes shorter and the discharge current during the breakdown process becomes stronger, indicating stronger plasma and shock waves. This phenomenon is in a good agreement with the typical law of liquid pulsed discharge [25] . Because of the stronger plasma, more oxidizer was produced and reacted with exfoliated few-layer graphene, leading to the higher oxidation degree and disorder degree of the few-layer graphene. It is coincident with the results of Raman spectra and XPS spectra. In addition, by measuring the mass of graphite micro-flakes before mixing and the purified recovered graphene, the calculated yields of graphene prepared via pulsed discharge are in 20-30% range, as listed in Table 1 . Among them, the yield of Sample No. 2 is higher than others, implying that higher injected energy with stronger shockwave leads to a higher productivity. Based on the above results and analysis, we carefully propose the following mechanism regarding the formation of few-layer graphene using liquid pulsed discharge (as shown in Figure 8 ). During the breakdown process of the liquid pulsed discharge, the generated ions and atoms at high temperatures and pressures burst out with the generation of shock waves and cavitation bubbles. The cavitation bubbles collapse and also generate shock waves and micro-jets [57, 58] . As the generated shock waves (with pressures of over hundreds of MPa) [57] impact on graphite microflakes, transmitted shock waves are formed and propagate in graphite micro-flakes. Subsequently, the transmitted waves propagate to the graphite-water interface to form the reflected rarefaction waves in graphite due to a huge mismatch between the acoustic impedances of graphite (approximately 6000-8000 Pa•s•m −1 ) and water (approximately 1500 Pa•s•m −1 ) [59] [60] [61] . When the superposed stress in graphite micro-flakes are tensile stress, the graphitic layers in the micro-flakes are easily exfoliated to form few-layer graphene and spread out in water because of the weak Van der Waals force between graphitic layers (Figure 9 ). In addition, the cavitation-induced micro-jets also act on the graphite surfaces [58] , leading to a shear effect to exfoliate graphitic layers. Based on the above results and analysis, we carefully propose the following mechanism regarding the formation of few-layer graphene using liquid pulsed discharge (as shown in Figure 8 ). During the breakdown process of the liquid pulsed discharge, the generated ions and atoms at high temperatures and pressures burst out with the generation of shock waves and cavitation bubbles. The cavitation bubbles collapse and also generate shock waves and micro-jets [57, 58] . As the generated shock waves (with pressures of over hundreds of MPa) [57] impact on graphite micro-flakes, transmitted shock waves are formed and propagate in graphite micro-flakes. Subsequently, the transmitted waves propagate to the graphite-water interface to form the reflected rarefaction waves in graphite due to a huge mismatch between the acoustic impedances of graphite (approximately 6000-8000 Pa·s·m −1 ) and water (approximately 1500 Pa·s·m −1 ) [59] [60] [61] . When the superposed stress in graphite micro-flakes are tensile stress, the graphitic layers in the micro-flakes are easily exfoliated to form few-layer graphene and spread out in water because of the weak Van der Waals force between graphitic layers ( Figure 9 ). In addition, the cavitation-induced micro-jets also act on the graphite surfaces [58] , leading to a shear effect to exfoliate graphitic layers.
Discussion

are easily exfoliated to form few-layer graphene and spread out in water because of the weak Van der Waals force between graphitic layers (Figure 9 ). In addition, the cavitation-induced micro-jets also act on the graphite surfaces [58] , leading to a shear effect to exfoliate graphitic layers.
However, these exfoliation forces acting on the graphite powder to overcome the graphitic layer interactions are not strong enough to cause the molecular destruction in graphitic layer, implying that the size of recovered graphene nanosheets depends on the size of graphite flake powders, which is in good agreement with the size of recovered samples. Furthermore, when the charging voltage is higher, more energy is injected into plasma tunnel, leading to stronger generated shockwaves and stronger superimposed tensile tress. Under this situation, the exfoliation efficiency is higher, resulting in that the yield of Sample No. 2 (40 kV) is larger than those of Sample No. 1, 3 and 4 (30 kV), as listed in Table 1 . Figure 9 . Schematic illustration of the formation of few-layer graphene using pulsed discharge in graphite micro-flake suspension. However, these exfoliation forces acting on the graphite powder to overcome the graphitic layer interactions are not strong enough to cause the molecular destruction in graphitic layer, implying that the size of recovered graphene nanosheets depends on the size of graphite flake powders, which is in good agreement with the size of recovered samples. Furthermore, when the charging voltage is higher, more energy is injected into plasma tunnel, leading to stronger generated shockwaves and stronger superimposed tensile tress. Under this situation, the exfoliation efficiency is higher, resulting in that the yield of Sample No. 2 (40 kV) is larger than those of Sample No. 1, 3 and 4 (30 kV), as listed in Table 1 .
Conclusions
In summary, few-layer graphene has been obtained by pulsed discharge in graphite micro-flake suspension. Under the action of shock waves induced by pulsed discharge, the graphitic layers in graphite micro-flake powders are exfoliated to form few-layer graphene (3-9 L). The charging voltage influences not only the crystallinity but also the yield of as-prepared graphene. When the charging voltage is higher (40 kV), I D /I G from Raman spectra rises up from 0.25 to 0.40, indicating a higher disorder degree and the measured yield increase from~20% to~30%. Furthermore, it is also investigated that the size of recovered graphene nanosheets is influenced by the initial size of graphite micro-flake powders utilized in experiments.
